Two-dimensional numerical simulations have been carried out on flow past two inline circular cylinders with rotating downstream cylinder. Computations are performed for fixed Reynolds number equal to 150 such that the resulting flow field remains laminar and two-dimensional. The inter-cylinder spacing has been chosen equal to 5d ('d' being diameter of cylinder) such that the wake flow is predominantly unsteady. Rotational speed of the downstream cylinder has been varied to investigate its effect on transition in characteristics of temporal wake. This has been achieved by performing Hilbert-Huang transformation (HHT) on time series signals of drag and lift coefficients for the rotating cylinder. Unsteady periodic, unsteady non-periodic and steady transitions in flow behavior have been observed with an increase of rotational speed. Results are presented in the form of vorticity contours, Hilbert spectra and marginal spectra. Degree of stationarity of the signals as measure of nonlinearity has also been quantified. Comparisons are drawn against results from Fourier analysis and it has been shown that HHT is better suited to capture inter-wave and intra-wave modulations indicating nonlinear interactions in the wake.
NOMENCLATURE

Cl
INTRODUCTION
All processes in our real world have a natural tendency to contribute towards disorder. Likewise, an apparently streamlined flow is known to transit to turbulence with an increase in driving force. Instabilities are triggered generating fluctuations that grow and overpower its calm nature. Hence, it is essential to resolve these fluctuations in order to expose their causatives. The scales of these fluctuations provide valuable information about the underlying mechanisms. The present study attempts to interpret the transitions in flow past tandem circular cylinders with rotating downstream cylinder using Hilbert spectral analysis. The interference between the wakes of cylinders and the effect of continuous supply of rotational energy has been observed to sustain flow transitions of both periodic and aperiodic nature.
Flow past tandem circular cylinders in the transitional regime has been subject of significant research attention during past two decades. These include studies by Carmo and Meneghini (2006) , Mizushima and Suehiro (2005) , Bearman (2011) , to name a few. Carmo and Meneghini (2006) performed two-dimensional as well as threedimensional computations to investigate the mechanism of wake transition in Reynolds number (Re) range of 160-320 with inter-cylinder spacing (center-to-center distance) varying from 1.5d to 8d ('d' being diameter of either cylin-der). It is reported that the interference caused by proximity of the downstream cylinder curtains the development of upstream cylinder wake causing deviations in the nature of variation of force coefficients (Cd and Cl) and Strouhal number (St). They also reported that three-dimensional ef-fects become significant only beyond Re = 190. Mizushima and Suehirs (2005) have numerically investigated the instabilities that appear in flow past tandem circular cylinders at Re = 100 by varying the inter-cylinder space. Bifurcation and transition diagrams have been presented by car-rying out a linear stability analysis by introducing perturbations in the normal velocity compo-nent. Bearman (2011) has reviewed the flow characteristics and vibrations induced in flow past a pair of tandem circular cylinders. The effects due to interference between the cylinder wakes and the consequent forces developed while downstream cylinder is fixed and free to oscillate are out-lined in the review.
Unlike stationary cylinders, rotational motion introduces additional complexity into the flow problem. For example, the study performed by Mittal and Kumar (2003) on flow past a rotating cylinder reports multiple occurrences of transitions in wake stability. Recently, Shafi and Vengadesan (2014) have investigated combined effects of rotational motion and interference due to the tandem arrangement. They have simulated two-dimensional flow past rotating upstream control rod by varying the inter-cylinder space, blockage ratio and rotational speed. They have referred the rotating upstream cylinder of the same size as the downstream cylinder as control rod, emphasizing on the aspects of drag reduction and vibration control. Few researchers have studied the arrangement of a rotating cylinder in the wake of an upstream cylinder (Mittal, 2001; Mittal and Raghuvanshi, 2001) . However, their studies have been focused on the control aspects of the wake with rotating control rods that are smaller than the primary cylinder. The interference effects between the upstream wake and the rotating downstream cylinder still remain unanswered. Moreover, at large inter-cylinder spacing (impingement range), the periodic shedding of the upstream cylinder is expected to disrupt the effects of rotation that could give rise to transitions in periodicity.
The dynamics of vortex shedding can be analyzed by studying the time series signals of force coefficients for which conventionally Fourier spectra are employed. However, the technique falls short in accuracy when the signals are susceptible to effects of nonlinearity and high levels of modulation (Huang et al., 1998) . Such effects become prominent as the flow evolves towards turbulence or due to the presence of sources that sustain mechanisms of different time scales. Huang et al. (1998) and Huang et al. (1999) (Igarashi, 1981) . The choice of Re (= 150) is based on validity of twodimensional assumptions (Carmo and Meneghini, 2006) . Such a choice ensures existence of multiple time scales, one corresponding to impingement frequency and the other to the frequency of rotation. The interaction between these frequencies is bound to create transients of complex nature. Hence, HHT is employed to interpret these signals by trans-forming these to frequency-energy-time domain. Empirical Mode Decomposition (EMD) has been used to identify the component signals while their Hilbert transform brings out associated energy signature. This allows extraction of dominant component signals that are associated with strong disturbances while neglecting low energy highfrequency fluctuations. 
PROBLEM DEFINITION
Schematic diagram of the computational domain is presented in Fig. 1 . The stationary upstream cylinder is located 15d ('d' being diameter of either cylinder) from the inlet marked as '1' while the downstream cylinder is placed 25d from the pressure outlet boundary '2'. At the pressure outlet boundary, static pressure (' p ') is fixed equal to ambient pressure ( P  ). A uniform velocity profile is imposed at the inlet boundary with velocities along x and y-directions (u and v) taking magnitudes U  and 0 respectively. The bounding walls, '3' and '4', are located 12.5 d from cylinder center where wall effects are assumed to be negligible and the boundaries become free-slip boundaries. The cylinder walls '5' and '6' are treated differently as one is stationary while the other is rotating. No-slip boundary conditions are imposed on both the cylinders with a User Defined Function (UDF) being used for the rotating cylinder. It has been confirmed in the pre-sent study from preliminary computations that Sc = 3.8 at Re = 150. Accordingly, s is fixed equal to 5d for all the cases considered. The non-dimensional rotational speed, defined as / dU
, is varied between 0 and 1. Here,  is the angular velocity of the rotating downstream cylinder.
NUMERICAL SCHEME
A finite volume based commercial flow solver, ANSYS Fluent 16.0, is used for all computations in order to solve the conservation equations of mass and momentum.
• Mass conservation
.0 u 
• Momentum (Navier-Stokes) conservation
Here, u is the velocity vector,  is density and  is the kinematic viscosity. Semi Implicit Pres-sure Linked equations (SIMPLE) have been used to resolve coupling of pressure and velocity variables. The spatial derivatives are handled implicitly while a first order forward time scheme is used to discretize the temporal derivative. Second order upwind and central difference schemes have been used to discretize the convective and diffusive terms respectively. The schematic of grid for the computational domain is shown in Fig. 2 with local refinement near cylinder surfaces. Entire domain has been divided into quadrilaterals with a minimum orthogonal quality of 0.71 and maximum aspect ratio of 4.5. Grid size has been fixed after performing grid independence study by varying number of nodes on the cylinder surfaces (NC) and limiting the maximum value of aspect ratio. The results of grid independence study have been presented in Fig. 3 which clearly shows that on increasing NC beyond 100 changes in either force coefficient is less than 1%. Hence, all the computations have been carried using NC =100 with a total of 110835 cells over the entire domain.
HILBERT-HUANG TRANSFORMATION
Hilbert spectrum, the final outcome of HHT, is the representation of complex signals on a timefrequency-energy domain that enables extraction of realistic information. applied separately to each component in order to extract the instantaneous frequencies. Following section briefly describes both the techniques.
Empirical mode decomposition
EMD is an intuitive technique proposed by Hunag et al. (1998) obtained from present computations has been decomposed into 7 IMFs as shown in Fig. 6 . The accuracy of decomposition can be ascertained by summing up all the IMFs and comparing it with the original signal. Ideally, Eqn. (7) must be satisfied to which small deviations may appear due to nonorthogonality of signals, spline fitting and information loss in residues. By putting control checks on this deviation, the correctness of EMD can be assured. Figure 7 shows variation of the two signals, viz. summation and residue, and makes it evident that EMD effectively decomposes () ut into component signals of frequency scales. However, the figure clearly illustrates that there is deviation in the mean value of the signal due to the mono-tonic residue that is left behind after EMD. Variation of residue is also shown in the figure to confirm that addition of residue on RHS of Eqn. (7) would yield exact overlap of both the signals except slight deviations at the edges. This is due to the end effects caused by extrapolation of data after each shifting operation. This has to be done in order to preserve the sample length.
Hilbert Spectra
The Hilbert transform provides a complex analytic representation of an arbitrary signal preserving its form and energy. This feature is vital for extraction of instantaneous frequency. 
Equations (8) and (9) 
RESULTS AND DISCUSSION
Validation of Computations
Numerical scheme used for simulations has been validated by comparing its results with two benchmark fluid flow problems, namely, flow past rotating circular cylinder and flow past two stationary tandem circular cylinders. 
The lift coefficient (
l C ), drag coefficient ( d C )
Wake characteristics
The instantaneous z-vorticity contour over the parametric range of rotational speed is presented in Fig. 9 . The transformations in vortical structures depicted in these results as  varies from 0-1 confirm transitions in temporal characteristics of the wake. The classic braided periodic vortices observed at 0   lose symmetry about the line y = 0 due to upward tilt induced by clockwise rotation of the downstream cylinder. Such a motion is anticipated to shift the vortex street in the positive y-direction as reported by Mittal and Kumar (2003) . However, it is observed that the tilt of wake is not significant up to 0.5   . For 0.5   , vortices from the downstream cylinder are shed in the positive y-direction while vortices from the upstream cylinder are shed in the negative ydirection resulting in a wider wake rather than a tilted one. The interaction between these vortices also changes with change in rotational speed. At 0   , vortex shedding from the down-stream cylinder is triggered by the shedding from upstream cylinder and their frequencies are found to be synchronous. However, with increase in  , the interaction become more complex. This is affirmed by the presence of multiple peaks in time series signals of lift and drag coefficients for downstream cylinder as shown in Fig. 10 .
An increase in
 is accompanied by downstream shift in pinch-off location of vortices from the upstream cylinder. This is because the rotation of downstream cylinder causes shear layers from upstream cylinder to stretch further downstream delaying the detachment of vortices. In fact, Another observable characteristic is increase in amplitude and time period of the signals with increase in  . Multiple peaks in these signals at larger values of  suggest non-linearity and nonstationarity of signals. Since these forces are predominantly influenced by the wake characteristics, it could be inferred that the interplay between pulsation induced by vortex shedding from the upstream cylinder and circulation effect of downstream cylinder due to its rotation tends to become complex. Detailed investigations on these aspects with the help of HHT are presented in the following subsections.
Degree of Stationarity
HHT is capable of disclosing the degree of nonlinearity in transient signals that appears in the form of inter-wave and intra-wave modulations (features of non-stationarity). However, it would be best to estimate the scale of nonlinearity in the time series signals before examining their spectra. Hunag et al. (1996) have proposed a statistical measure to quantify the Degree of Stationarity, i.e. Fig. 11 (a) . The results clearly illustrate a progressive increase in non-stationarity of the signals with increase in  . In absence of rotation, () DS f is almost zero indicating a close match to sine or cosine waveform. However, with increase in rotational speed, the local behavior becomes prominent and use of Fourier analysis to describe such fluctuations becomes less physical. The intermittent spikes clearly point to modulations present in the signal that may be caused by phase, frequency or amplitude shift. Figure 11 the nature of variation of () DS f for the drag signal with change in  and f. It is apparent from the figure that contrary to behavior of lift signal, there exists non-stationarity in drag signal even in absence of rotation at frequencies close to 8. This is due to vortex-to-vortex and vortex-to-cylinder interactions in the inter-cylinder gap that cause relatively larger distortion in streamwise velocity signals. Further clarity regarding frequency distribution would be revealed by the Hilbert spectrum. The spikes in () DS f also appear to be uniformly spaced in the frequency plane for small values of  suggesting harmonic and subharmonic superposition.
Hilbert Spectra
The Hilbert energy distribution of the lift signal of downstream cylinder for different rotational speeds has been presented in Fig. 12 . A Gaussian filter with 0.5 weightage has been applied over 10×10 window to smoothen the spectra for continuity. This figure depicts the energy contribution of IMFs obtained from EMD. In case of stationary cylinders, there is just one IMF with a mean instantaneous frequency of 3.8 Hz, indicating closeness to single harmonic nature. This frequency is synchronous with the shedding frequency of upstream cylinder indicating that upstream oscillations trigger vortex shedding from the downstream cylinder. However, with an increase in rotational speed up to 0.5   , distinct low-frequency IMFs emerge as observed from Fig. 12 . The occurrence of such large wavelength signals points to alteration of flow structure in the inter-cylinder space. The energy density indicated by color levels in the contour shows that the most prominent signal still has mean frequency close to 3.8 Hz, suggesting an influence of vortex shedding from upstream cylinder on downstream wake. The amplitude of the dominant IMF, which represents the frequency spread of signal, is also found to increase with increase in rotational speed. This essentially confirms a simultaneous increase of intra-wave modulation with rotational speed. For  values of 0.62 and 0.75, the spectra are hazy with occasional spikes of high frequency. The IMFs are no longer distinct because of strong inter-wave and intra-wave modulations which gives evidence of a complex wake. For 0.87   , the Hilbert spectra appear to be more ordered with high frequency spikes at regular intervals. This time period is found to match with the highest energy frequency of the base signal presented in Fig. 10 . Such physical attributes are easily revealed by use of Hilbert spectra with ease because of locally defined instantaneous frequencies. The sudden increase in amplitude of . This is indicative of a shift in the temporal behavior of the flow. Since the time gap between the uniformly distributed spikes is large, it can be inferred that the IMFs in low frequency range having large wavelengths become dominant at larger values of  . The development of strong shear layer that tends to wrap the rotating cylinder could be the cause of this re-stabilization.
Marginal Spectral Distribution
Frequency energy density distribution of drag and lift signals are presented in Figs. 14 (a) and (b) respectively for different value of rotational speed. Even though HHT is known to be effective in identifying significant low-frequency components in a signal, it is prone to generation of stray lowfrequency components that arise from extrapolation operations performed to overcome end effects. These aspects have been detailed in Huang (2014) . In present computations, to minimize this effect, a cutoff frequency has been set as 0.3 Hz which is one-third of the minimum frequency that could be identified from the chosen sample width. At 0   , two frequency ranges can be identified in the marginal spectra of drag signals in Fig. 14 (a) , one close to 0.35 Hz and another spread over 6. 2-8.15 Hz. However, Fourier spectra for the same signal show only a single peak at 7.3 Hz as shown in Fig.  14 (a) . This deviation in results indicates an upper edge of HHT because it is able to identify modulation in the frequency range of 6.2-8.15 Hz. The waveform of the actual signal has been compared with a sine wave of single frequency and is found to be dissimilar revealing intra-wave modulations. A similar comparison between the two spectra at 0.87   is presented in Fig. 14 (b) . Here the Fourier spectra reveal existence of multiple harmonics while the marginal spectra show contributions from signals with frequencies in the range 0-2 Hz. Thus, even though both the spectra show maxima at frequencies close to 0.5 Hz, it is evident that marginal spectra bring out contribution from wider band of frequencies.
Spectra of l C as well as d C reveal a shift in energy density towards lower frequencies with increase in rotational speed. Frequency bands corresponding to each IMF are identified in the form of hunches in the marginal spectra. However, these become less distinct and merge to form a continuous band at higher values of rotational speed.
CONCLUSION
Effect of rotating downstream cylinder on temporal characteristics of flow past two inline circular cylinders has been investigated for Re =150 and s = 5d. The non-dimensional rotational speed of the downstream cylinder has been varied between 0 and 1 for which the flow exhibits periodic, non-periodic and steady behavior. The nature of unsteadiness has been analyzed using Hilbert-Huang transformation and results are presented in the form of contours and energy spectra. It is found that this technique having ability to effectively decompose nonstationary signals delivers better insight into flow physics as compared to conventional Fourier analysis. Even in absence of rotation of downstream cylinder, a measure of degree of stationarity of the drag signal reveals non-linear interactions in flow which do not get effectively captured by Fourier analysis. It is also found that increase of rotational speed is accompanied by an increase in the interwave and intra-wave modulations of the time series signals, suggesting growth of nonlinear interactions in the wake. However, the flow becomes steady beyond a critical rotational speed for which transition corresponds to wrapping of the downstream cylinder by its shear layers. Although the present study investigates data from numerical simulation, HHT could be used for analysis of experimental data as well. Literature indicate its application in de-noising experimental data. In brief, results from present study suggest that HHT is an efficient tool for analysis of transient flows, especially in the transitional regime where the flow interactions become nonlinear.
